A detailed kinetic study of the interaction of a recombinant myosin head fagment (MHF) of Dictyostelium discoideun with actin and adenine nucleotides has been made by using a combination of rapid-reaction, equilibrium, and fluorescence methods. MHF is equivalent in size to a proteolytic faent of skeletal muscle myosin, subfragment 1 (Si), the 
diferences in the rate constants of their interactions with nuceotides in the presence and absence ofactin occur. The rate of ATP binding to MHF and the subsequent deavage step are significantiy slower than the corresponding rates with Si. The dissotion of a fluorescent analog of ADP from MHF was 5-fold faster than from Si, while Its rate of binding MHF was 3-fold slower, resulting in a weaker aiation equilibrium coutant. The ATP-induced isomerization of the actoMHF complex was 10-fold slower than for actoSl, but the binding affinities of ADP for actoMBF and actoSl were indistnguihable. The results suggest a different degree ofcoupHlng between the nudeotide and actin binding sites of MHF and S1 which may be a common feature of noumusce myosins. They also provide the basis for a study of specifically modified myouins with which one can probe the sites of interaction with nudeotides or actin, as well as functional motility.
Conventional myosins of the filament-forming type occur in nearly every eukaryotic cell examined. Their interaction with actin filaments underlies a variety of motile activities including muscle contraction, capping ofcell surface receptors, and cytokinesis. The energy required to generate force and displacement in these interactions is provided by ATP. Molecular studies of protein structure and enzymatic activity are necessary in order to understand the mechanism by which myosin catalyzes this transduction of energy. In particular, kinetic measurements can be used to determine the rate and equilibrium constants that define the mechanism of ATP hydrolysis and constrain thermodynamic models of energy transduction. Myosins isolated from striated, smooth, and cardiac muscle have been well characterized in kinetic terms (1, 2) . In contrast, much less is known about nonmuscle or cytoplasmic myosins. The kinetic characterization of cytoplasmic myosins has been restricted both by their lower tissue abundance and by the difficulty of generating soluble proteolytic fragments incorporating a functional motor domain.
In this study, we describe the kinetic characterization of a recombinant motor domain derived from a cytoplasmic myosin. This (wt/vol) sucrose containing "tosyl-lysine chloromethyl ketone" (7-amino-1-chloro-3-tosylamido-2-heptanone, 40 gg/ ml) and leupeptin (10 pLg/ml)]. This suspension was slowly pipetted into liquid nitrogen and the resulting pellets were stored at -80°C in aliquots corresponding to :100 g of cells.
Cell lysis took place upon thawing ofthese pellets. MHF was purified as described (3) and on elution from the final Superose 12 column was concentrated to -w25 mg/ml (Centricon 30, Amicon). After addition of sucrose to 30%6 (wt/vol), the protein was stored at -80°C. MHF stored in this way was stable for at least 1 year and displayed no loss of activity within this period, even after repeated thawing and freezing.
Dictyostelium myosin was purified by the method ofUyeda and Ruppel (5) and rabbit myosin by the method of Margossian and Lowey (6) . Rabbit S1 was prepared by chymotryptic digestion of rabbit myosin (7). F-actin was isolated as described (8) . The preparation of pyrene-labeled actin (pyractin) has been described (9) . Molar concentrations were determined at 280 nm by using the following extinction coefficients: e21 = 7.9 cm-' and a molecular weight of 115,000 for S1 (5); e % = 11.08 cm-' and a molecular weight of 42,000 for actin (10) . In determining the concentration of pyr-actin, a correction was first made for the absorbance of the label at 280 nm (A280 pyrene = 1.06 x A344) (9 
RESULTS
Fluorescence Titrations. The binding of S1 to pyr-actin results in a 60-70% quenching ofthe pyrene fluorescence (12, 13) and provides a monitor of this interaction. A titration of 0.5 ,uM pyr-actin with MHF at low ionic strength (30 mM) shows that MHF binds to pyr-actin and quenches the fluorescence by 80%6, somewhat greater quenching than that observed for rabbit skeletal S1. Under the conditions of this titration the concentration of pyr-actin is much greater than the equilibrium dissociation constant, and saturation of the actin occurs at stoichiometric MHF concentration. This allowed the concentration of actin binding sites to be estimated as 25 ;LM for MHF, a value in good agreement with that estimated by using the extinction coefficient at 280 nm (28 AM).
A similar titration using concentrations of pyr-actin close to its dissociation constant for binding Si allowed this constant to be measured accurately for MHF. This is possible for S1 at ionic strengths of >0.1 M, where the dissociation constant is greater than 0.05 IAM. In Fig. 1 titrations at elevated ionic strength are shown for S1 and MHF, using pyr-actin at 0.6 ,uM. The dissociation constant was determined as described (13) and values of0.07 pM for both rabbit S1 and Dictyostelium MHF were obtained. The affinity of Dictyostelium MHF for actin is indistinguishable from that of rabbit Si under the conditions used.
Binding of ATP to ActoSl and ActoMHF Complexes. The binding of ATP to pyr-actoSl results in dissociation of the complex. The progress of this reaction was followed by measurement ofthe resulting increase in pyrene fluorescence as dissociation occurred, shown in Fig. 2A for the actoMHF complex. The rate of the observed single exponential was linearly dependent on ATP concentration from 5 to 25 IuM ATP (Fig. 2B) . The slope ofthis plot defines the second-order rate constant Ka kb (see Scheme I). For actoSl this was 1.8 x 106 M-1-s-1, while for actoMHF it was 0.15 x 106 M-1-s-1, -12-fold slower. To determine whether this slower rate of ATP binding is a property of the native myosins, the above experiment was repeated with actomyosin. The second-order rate constants obtained were 4.7 x 105 M-1 s-I and 0.3 x 105 M-1 s-1 for rabbit and Dictyostelium actomyosin, respectively (Fig. 2C) . The reduction in absolute rates observed for The concentration dependence of the ATP-induced dissociation of pyr-actoMHF at 20°C, from 0 to 15 mM ATP, is shown in Fig. 2D Table 2 ).
Interaction ofNudeotides with Si and MHF. The binding of ATP to Si and MHF in the absence of actin was followed by measurement of the resulting enhancement of intrinsic protein fluorescence (18) (19) (20) . At 20°C, these data are described by a single exponential (Fig. 3A) . The fluorescence change observed upon ATP binding to MHF was 50%6 that of S1. The dependence of the rate of the observed processes on ATP concentration was approximately hyperbolic (Fig. 3B) Fig. 4A , while the dependence ofthe rate of the observed processes on mantADP concentration is plotted in Fig. 4B . The secondorder rate constants obtained from the slope of this plot were 2.9 x 106 M-ls-1 for S1 and 0.9 x 106 M-ls-1 for MHF. This is equivalent to K1-k+2 for ATP binding, and similar values were obtained for mantATP binding (3.2 x 106 M-Ls-1 andO.7 x 106 M-1s-1 for S1 and MHF, respectively).
The rate of dissociation of mantADP from MHF was measured by displacement of the nucleotide analogue from a 0.5^M MHF*mantADP complex by 100 uM ATP. This yielded a dissociation rate constant (k.2) of 1.5 s-1, compared with a published value for rabbit S1 of 0.3 s-1 (21) . The ratio of these two measurements, k1.k+2/Lk2, gives a value of 0.6 x 106 M-1 for the equilibrium association constant of the M-1s-1 (S1) and 0.9 x 106 M-1s-1 (MHF) were determined.
Conditions were as described for Fig. 2 .
MHFmantADP complex. This value is an order ofmagnitude lower than that of the SlmantADP complex.
DISCUSSION
The results presented here demonstrate that the mechanism of interaction of MHF with actin and nucleotide is essentially the same as that observed with the motor domains of conventional myosins. The affinity of MHF for actin is indistinguishable from that of rabbit myosin Si. Previous studies have shown that Kapp (the actin concentration required for half-maximum activation of the ATPase) is similar for Dictyostelium heavy meromyosin and vertebrate heavy meromyosins (22) . Together, these two results suggest a high degree of conservation in the actin-binding domain of myosins from species as distantly related as Dictyostelium and rabbit.
In contrast to their interaction with actin, Dictyostelium and rabbit myosins show clear differences in their interaction with nucleotides. The rate ofthe ATP induced dissociation of actoMHF is >10-fold slower than that observed for rabbit skeletal muscle Si. This was shown to be due to a 10-fold reduction in the rate constant of the ATP-induced isomerization of the actoMHF complex. A lower rate constant has been observed for this step for many slow vertebrate myosins and their subfragments (15, 17, 23) . However, the affinity of ATP for the actoMHF complex before the isomerization is similar to that observed for other myosins at the same ionic strength (23) . Likewise, the affinity of ADP for actoMHF is very close to that for actoSl. This finding, however, is unexpected, as this affinity has been shown to vary between different vertebrate myosins. Indeed, the rate of ADP dissociation from actomyosin has been suggested to be one of the principal factors defining the maximum speed of muscle shortening for a given myosin type (24) .
The rate of ATP binding to MHF in the absence of actin was half that observed for Si. ATP binding is thought to be a two-step process, the formation of a fast collision complex followed by an almost irreversible conformational change. The second-order rate constant for ATP binding defines Kgk+2 (Table 1) and lower values of K1, k+2, or both could be responsible for the lower observed rates. The apparent second-order rate constant for ATP binding to Si does not vary significantly across all the vertebrate skeletal myosin Si molecules which have been studied (15) . ATP is hydrolyzed in a slower step following the ATP-induced conformational change, and the rate of the hydrolysis step is measured as the maximum rate of intrinsic fluorescence change. This is significantly slower for MHF than for Sl but is similar to that of vertebrate gizzard myosin Si (15). In the case of rabbit Si, a protein fluorescence change is thought to occur on both the conformational change following ATP binding and the subsequent hydrolysis step (19, 20) . The key indication of this is that the observed amplitude of the fluorescence change decreases at high ATP concentrations. For MHF the observed fluorescence amplitude is approximately half that for S1, and no loss of amplitude is observed at high ATP concentrations. This is consistent with a fluorescence change occurring only on the hydrolysis step. This interpretation is supported by the results with ADP that show no increase in protein fluorescence on addition of25 AM ADP to MHF. However, the presence of ADP does inhibit the binding of ATP to MHF, suggesting that ADP binds to the nucleotide site on MHF but does so with no increase in protein fluorescence.
The binding of mantADP to MHF produces a change in both N-methylanthraniloyl fluorescence and energy transfer fluorescence. The enhancement ofN-methylanthraniloyl fluorescence is only slightly smaller than that observed with S1. mantADP binds to Si with a 10-fold higher affinity than ADP.
The rate of association is identical to that of ADP (2-3 x 106 M-l s-'; ref. 21 ), but the dissociation rate constant is 10-fold slower. We have shown that the second-order rate constant of association of mantADP with MHF is 3-fold slower than that with Si, while the rate of dissociation is 5-fold higher than from S1. The ratio of rate constants gives an affinity of mantADP for MHF of0.6 x 106M-1, compared with 10 x 106 for Sl.
The data on ADP binding to MHF are consistent with the affinity being of the order of 10 (Table 2) . Thus, a much weaker binding of ADP to MHF is consistent with all the data we have collected. ADP therefore binds to actoMHF with a similar affinity as to actoSl, but binds more weakly to MHF alone than to S1, and so is less able to dissociate actin from MHF. (16) . tCalculated as the product KA-KAD/KDA.
The data presented here demonstrate that MHF is capable of making the same interaction with actin as rabbit skeletal myosin S1, but the binding of both ATP and ADP is altered. ATP is shown to induce a slower conformational change in both MHF and actoMHF. For actoSl, the nucleotideinduced conformational change has been proposed to be closely coupled to the force-generating transition of the crossbridge cycle. The observation that ATP produces a slower transition with both MHF and actoMHF, and that ADP is not able to induce the transition at all, suggests a different degree of coupling between the nucleotide and actin binding sites on MHF. While the functional significance of these differences is not clear, it will be interesting to learn whether this is a common feature of nonmuscle myosins.
In this study, we have demonstrated the viability of the recombinant approach to the isolation of a functional motor protein in sufficient quantities to carry out a complete and detailed kinetic characterization of its enzymatic activities. This approach can be extended to the generation of specifically modified myosin motor domains to allow fine mapping of functional regions and can be used to link structural features to the motor activity of myosins.
